Energy-water nexus studies have been increasing recently due to the significant linkages between energy generation and water consumption. Few studies have looked at both water quantity and quality impacts of electricity production. Using integrated hybrid life cycle analysis, this study examines the life cycle impacts of pulverized coal, wind power and solar power on carbon dioxide (CO 2 ) emissions, water consumption and water quality in Inner Mongolia, China. Our research findings show that pulverized coal emits 1,213.5 grams of CO 2 per kilowatt-hour (g/kWh) of electricity output, compared with 34.4 g/kWh for wind power and 67.4 g/kWh for solar photovoltaic. Water consumption for pulverized coal, wind power and solar photovoltaic are 3.3, 0.7 and 0.9 litres per kilowatt-hour, respectively. The water requirement to dilute the life cycle chemical oxygen demand (COD) discharge would increase water consumption during production processes of pulverized coal, wind 2 power and solar photovoltaic systems by 0.11, 0.09 and 0.19 litres per kilowatt-hour, respectively. Given that the State Grid Corporation of China aims to increase the power generation capacity that provide power supply to regions outside Inner Mongolia to 120 GW by 2020, electricity outflows could contribute to 520 million tonnes of CO 2 emissions that would be similar to the CO 2 emission in the UK in 2010, and 1,460.8 million m 3 of water. This study reveals that substantial reductions in CO 2 emissions and water consumption can be attained only if the existing coal-dominated power generation was substituted by wind power in Inner Mongolia.
Introduction
Energy and water are inextricably linked to one another. On the one hand, energy production emits greenhouse gases (GHG) that are considered one of the major causes of climate change which can have significant impact on hydrological systems, such as change in precipitation, an increase in sea level and flooding [1] . On the other hand, energy production requires substantial amounts of water during its production life cycle, including processes ranging from the mining of fuels to the cooling of power generators [2] .
A number of studies have been carried out to examine water requirements of energy production [3] [4] [5] . For the conventional energy production, water requirements can be substantial. For instance, in the United States (U.S.), thermo-electric water withdrawal for cooling purposes accounts for approximately 50% of total water withdrawal [6] .
These considerable water requirements in energy production have caused water shortages. For example, Averyt et al. [7] highlighted that water requirements of power generation contributed to water supply stress in approximately 80 watersheds across the U.S.. The issue regarding water demands of energy production cannot be ignored.
Furthermore, in recent years, transitions to a low carbon future have increased employment of renewable energy technologies around the globe. Some renewable energy sources require less water in energy production than conventional power generation technologies. For instance, in the U.S., water consumption of photovoltaic power generation is only one eighth of water consumption for fossil fuel-based power generation [8] . However, some renewable energy technologies are also high water consumers. Burkhardt et al. [9] pointed out that concentrated solar power systems with wet-cooling can consume up to 4.7 litres of water to generate one kilowatt hour of electricity (kWh). In addition, power generation can result in water quality impact during its life cycle phase. For example, according to Song et al. [10] , there is significant relationship between coal production and wastewater discharge at the Yellow River of China, which has resulted in severe water pollution.
China has become the largest electricity producer since 2011, according to BP [11] .
Power generation is the second largest water withdrawal sector in China while the agriculture sector ranks the highest. However, there have been very few studies investigating water requirements in energy production in China. Li et al. [12] , is one of the first energy-water nexus studies to calculate the life cycle carbon dioxide (CO 2 ) emissions and water consumption required by wind power in China. The authors concluded that wind power could be seen as carbon and water saving solutions to the coal-dominated power generation system in China. Although this study has provided a holistic view of the general relationship between energy and water for the country as a whole, a nationwide analysis may not be useful and effective to highlight the water situation at specific regions in China. Furthermore, the focus of the existing literature is largely oriented toward water quantity impacts of power generation [13] [14] [15] , while very limited studies have aimed to examine the water quality impacts of power generation during its life cycle phase. To the best of our knowledge, no research study has been conducted to address both water quantity and quality impacts of electricity production in China. Last but not least, owing to the significant differences in the regional power mix, the extent to which the application of renewable energy sources could contribute to CO 2 emission reduction in each region in China is not yet known.
Due to the above, this paper aims to address these shortcomings by conducting a detailed regional analysis of the water requirements (both water quantity and quality) of different electricity generation technologies implemented in China, with a specific focus on Inner Mongolia in order to better understand the "local" energy and water situations to aid future energy strategy and plan.
Based on integrated hybrid life cycle analysis, our study is focused on three electricity generation systems, namely, coal power, wind power and solar power, with regard to their impacts on CO 2 emissions, water consumption and water quality in Inner Mongolia, China. 
Energy Production in Inner Mongolia
Inner Mongolia is the largest coal producer in China. In 2011, total coal production in Inner Mongolia amounted to 979 million tonnes [20] , which represented 27.8% of the total coal production (3,520 million tonnes) in China [21] . The growth of energy intensive industries, such as coal mining and processing, raw chemical materials and products and non-ferrous smelting and processing, has stimulated power demand in Inner Mongolia [22] . At the end of 2010, Inner Mongolia was ranked the third largest power generation capacity (64.6 gigawatt) (GW) among all the regions in China, with coal contributing 240.7 billion kWh out of the total 260 billion kWh power generation [23] . At present, Inner Mongolia has outpaced all the other regions in China in terms of growth in newly installed power generation capacity, power generation per capita and domestic power exports [24] .
Also, Inner Mongolia is one of the first regions to use wind power in China, which can be traced back to the 1970s [25] . Decentralized wind power was mainly used for providing electricity supply for herdsmen in remote areas during the early stage of wind power development. Centralized wind power was not introduced until 1989, in which a wind farm with total generation capacity of 1 megawatt (MW) was deployed with financial support from the U.S. [26] . Wind power generation capacity increased from 8.2 MW in 1995 to 13,858 MW in 2010 (see Figure 2 ), which is projected to reach 31.2 GW by 2015 and 59.1 GW by 2020 1 [27] . Inner Mongolia also has one of the largest potentials for solar power in China [28] . Since the Chinese government has committed to promoting renewable energy sources, the percentage share of renewable energy to total energy supply will be considerable in the future, particularly in the region like Inner Mongolia. 1 Our calculation is based on figures provided in reference [27] . In East Inner Mongolia, total installed capacity is projected to increase to 13.2 GW and 20.8 GW by 2015 and 2020, respectively. In West Inner Mongolia, total installed capacity is projected to increase to 17.95 GW and 38.3 GW by 2015 and 2020, respectively. [34] . The problem of water pollution compounds the pressing issues of freshwater availability and distribution.
Orszag [37] estimated that coal power generation would account for almost 40% of the increase in China's water consumption over the coming decade. Inner Mongolia is ranked the third largest power generation capacity in China and the majority are coalfired power plants and yet, this region is not rich in water resources. Thus, it is necessary to examine the impacts of different power generation technologies on water (both quantity and quality) in Inner Mongolia in order to aid future energy strategy and plan.
Methods and Data

Integrated hybrid life cycle analysis: an introduction
Integrated hybrid life cycle analysis is a combination of conventional process-based life cycle analysis (LCA) and input-output analysis. Conventional process-based LCA (PRO-LCA) often underestimates the environmental impacts of a product due to the arbitrary selection of the system boundary, which refers to processes that are included or excluded in the analysis [38] . Upstream impacts beyond the selected system boundary are often neglected [38] .
Integrating LCA with input-output analysis (IO) has provided a viable means to complementing the system boundary of conventional LCA approaches. The early application of IO in LCA can be traced back to the early 1990s from the estimation of life cycle CO 2 emissions of an automobile in Japan by Moriguchi et al. [39] . Later on,
Lave et al. [40] presented an environmental input-output based life cycle analysis (EIO-LCA) to assess the environmental repercussions of five products in the U.S., including automobiles, refrigerators, computer purchases, paper cups and plastic cups.
However, EIO-LCA is suffering from an aggregation problem due to the representation of data at sectoral level rather than individual process level. The IO and LCA systems have been treated individually until Suh [41] postulated a linkage between LCA and IO, which is now often known as the integrated hybrid life cycle analysis.
Integrated hybrid LCA has been used in a number of LCA studies [42] [43] [44] [45] . Suh and
Huppes [43] provided a review of methods in life cycle analysis. The authors compared the computational structure of both conventional and hybrid LCA and 
A general framework of integrated hybrid life cycle analysis
A general framework of the integrated hybrid LCA, which is developed by Suh [41] , is given in Table 1 . Two matrices are introduced to link input-output analysis Table 1 A general framework of integrated hybrid life cycle analysis
The mathematical formulation of the integrated hybrid LCA approach is depicted as in Equation 1:
Where G IH is the total environmental intervention matrix, which describes total direct and indirect environmental impacts of the product system; and B are the environmental intervention matrices for the conventional LCA system and the I-O system, respectively; represents inflows and outflows of products to processes in the conventional LCA system; A represents the flows among economic sectors in the input-output system; U is the upstream cut-off matrix; D is the downstream cut-off matrix; f represents the functional unit of the LCA system, which is one kilowatt hour in this study.
Data
Several types of data were used in this research study, including process-based life cycle data of selected power generation technologies, the input-output table of Inner Mongolia, and sectoral CO 2 emissions, water consumption and chemical oxygen demand (COD) discharge data. Data source and compilation methods are depicted in the following subsections.
Process-based life cycle data
The process-based life cycle datasets were taken from the Ecoinvent Database 2 , from which we obtained data on 300 MW pulverized coal power from China, 800 kilowatt 2 2010 Ecoinvent database v2.2 from the Ecoinvent Centre at http://www.ecoinvent.ch/. The Ecoinvent process database provides a process matrix, which includes almost 4000 goods and processes. 3 There is a disparity in the statistical figures given by the China Electric Power Yearbook [48] and Shi [49] on the 2007 total generation capacity. The disparity may be due to the differences in the statistical methods used. The China Electricity Council only takes the wind farms in operation into account in calculating wind power generation capacity. The manufacturers of wind turbine use the sales figures instead of using wind power generation capacity. It is beyond the scope of this study to investigate the statistical methods used in these two studies. Since Shi's study contains data on the number of wind turbines and the total generation capacity, we have opted for using these figures in our study.
3kW Solar PV is based on electricity production with grid-connected photovoltaic power plants mounted on buildings with slanted roofs in Switzerland.
Input-output table
Following the standard compilation scheme established by the National Bureau of Statistics, 30 regional IO tables 4 have been compiled in China since 1987. In this study, the latest 2007 input-output table for Inner Mongolia is used.
Upstream and downstream cut-off matrix
We adopted the methods used by Acquaye et al. [46] and Wiedmann et al. [47] to compile the upstream cut-off matrix (matrix U). First, physical inputs of the examined product system (e.g. coal-fired power, wind power and solar power in our study) were extracted from the physical flow matrix. Monetary value of the product system was then estimated by multiplying physical inputs with cost of the product system. The cost data were extracted from the China Price Yearbook [50] . Since all physical inputs were covered in the IO system, the estimated monetary value of the physical inputs was deducted in order to avoid double counting with the remaining values representing elements of the upstream cut-off matrix. We assumed that all the power outputs were consumed by the electricity sector in the input-output table. Thus, downstream cut-off matrix D was set to zero, which meant the goods inputs from the process system to the IO system were negligible. The uncertainty and limitation of setting matrix D to zero are discussed in section 3.4.
CO 2 emission data
Following the compilation method introduced by Peters et al. [51] , we estimated the sectoral CO 2 emission data for Inner Mongolia by using the sectoral energy consumption data from the Inner Mongolia Statistical Yearbook [52] .
Water consumption data
The water consumption data of Inner Mongolia was extracted from the China Statistical Yearbook [18] . However, only seven sectors were recorded, which are agriculture, forestry and fishing, industry, services, households, and ecological compensation. As suggested by Yang and Suh [53] , the incorporation of environmental impact indicators from other sources could help to improve the results.
Hence, in this study, we incorporated the sectoral wastewater discharge data, which was extracted from the Inner Mongolia Bureau of Statistics [52] , and the water recycling rate, from the Industries Water Requirement Quota and Standards of Inner
Mongolia [54] , to compile the sectoral water consumption data. The compilation of sectoral water consumption follows two steps. Firstly, sectoral water withdrawal data was estimated using sectoral wastewater discharge data and water recycling rates.
Sectoral wastewater discharge data has 38 industries included, which provides more detail than the water consumption data from the China Statistical Yearbook.
Secondly, the results were multiplied by water consumption rates for industry, which were obtained from the Inner Mongolia Water Bulletin [55] , to generate the sectoral water consumption data.
The water recycling rate presents the percentage of water that is available for reuse [54] . For example, for coal mining and processing, the water recycle rate is 90%, which means 90% of the water withdrawal can be reused in the coal mining and processing industry. For other industries such as manufacturing of food, there are large variations in the water recycle rate ranging from 35% to 70% dependent on the food product. Equation 2 depicts the calculation of the recycling rate.
Whereas R represents recycling rate in percentage; V r represents total amount of reuse water at a given time period; V i represents new water intake at a given time period.
The denominator of Equation 2 represents total water withdrawal of the industry (V); thus, we have Equation 3 depicted as below.
In this study, we assumed that water losses from evaporation were negligible.
Consequently, new water intake V i was equivalent to wastewater discharge for each economic sector, which can be obtained from the Inner Mongolia Statistical Yearbook [56] . Since the water recycle rate included almost 400 products, we aggregated them in accordance with the sectoral classification of wastewater discharge data. A list of water recycle rate for industries 5 are given in Appendix A. Then, sectoral water withdrawal was calculated using Equation 4 which is derived from Equations 2 and 3.
= (4)
The calculated total water withdrawal with lower recycle rate was 17.2 billion m 3 , which is not far from the total water withdrawal (17.5 billion m 3 ) recorded in the Inner Mongolia Water Bulletin [55] . Then, the sectoral water withdrawal data were multiplied by the water consumption rate, which was extracted from the Inner Mongolia Water Bulletin [55] . Based on the bulletin, the industrial water consumption rate was 61.4% of total water withdrawal. The sectoral water consumption data can be found in Appendix B.
Chemical oxygen demand (COD) discharge data
The concentration of COD is higher than the Class IV water quality standard 6 
Limitations
Firstly, since the detailed sectoral water withdrawal data is not available in most regions in China, the use of wastewater discharge data in the compilation of sectoral water withdrawal data has been adopted by a couple of studies [58, 59] . The assumption of using wastewater discharge in this study is that water loss in production and from evaporation is negligible. Although such an assumption is valid as only a minor fraction of water is consumed in industries at the present time, this study can further be improved by incorporating detailed water data when they are available in the near future.
Secondly, we do not take into account the use of inputs from the process system to the IO system by setting downstream cut-off matrix to zero (D = 0). The compilation of downstream cut-off matrix requires sales information (e.g. the distribution structure) of the product that is not always accessible to an LCA practitioner using commercial databases [60] . In fact, the contribution of downstream cut-offs on total environmental impacts is minor, especially if a demand on the functional unit is used [61] . Thus, for simplicity, we do not take into account the downstream cut-offs in this study.
However, we acknowledge that the results can be improved if relevant information for compiling downstream cut-offs is available.
Thirdly to the large input of steel for wind turbine. Similar results are found in Li et al. [12] , which provides a national level analysis on CO 2 emissions of wind power in China. As shown in Figure 6 , the electricity input accounts for approximately 60% (or 2.13 l/kWh) of the life cycle water consumption for pulverized coal based electricity generation technology. Most water sources are consumed for cooling purposes.
Water consumption
However, electricity input accounts for about 40% of total life cycle water consumption in wind power (0.28 l/kWh out of 0.71 l/kWh in total) and 30% in solar PV (0.27 l/kWh out of 0.90 l/kWh). COD discharge is estimated as additional water consumption since the discharge with excessive COD contents needs to be diluted in order to achieve the water quality standard. From Figure 7 , dilution water to purify the discharged wastewater from pulverized coal, wind power and solar PV amounted to 0.11, 0.09 and 0.19 litres per kWh, respectively. COD discharge from paper production uses most of the dilution water for pulverized coal (0.08 l/kWh) and wind power (0.07 l/kWh) due to the concentration of COD in the paper industry's wastewater (1659.9 grams/m 3 ), which is higher than all the other industries in Inner Mongolia (See a full list of sectoral COD concentration in Appendix D). By contrast, mining of metals accounts for the highest proportion of dilution water for solar PV (0.13 l/kWh), and it is followed by paper, chemicals and food production.
COD discharge
A scenario analysis of CO 2 emissions and water impacts of power generation in Inner Mongolia by 2020
Presently, Inner Mongolia is the largest coal producer in China, which is located at a considerable distance from the demand centres on the east coast. The uneven distribution of energy sources in China has called for the construction of a longdistance power transmission system, which has been initiated by the State Grid Total electricity output % of electricity domestic outflows 2015. We assume that annual installed capacity would be identical between 2016 and 2020. Thus, solar PV would have total installed capacity of approximately 1.6 GW by 2020. Hydropower accounts for a minor proportion of total power generation capacity and has remained stable for years in Inner Mongolia. Hence, we take the contribution of hydropower to total power generation capacity for granted in 2020. Besides wind power and solar PV, the remainder of the 300 GW power generation capacities would come from coal power. Table 2 shows the power generation capacity, total CO 2 emissions and water requirements of each power generation technology by 2020. Jin [70] estimated that coal power generation would contribute to 680 million tonnes of CO 2 emissions in Inner Mongolia by 2020. However, Jin's study might underestimate the CO 2 emissions from coal power generation since it does not take life cycle emissions into account. The CO 2 emission coefficient was set at 810 g/kWh in her study, which is almost one third lower than the calculated life cycle CO 2 emission coefficient (1213.5 g/kWh) in our study. From Again, 40% of the water consumption would come from power generation for regions outside Inner Mongolia, which amount to 1,460.8 million m 3 of water.
Discussion and concluding remarks
Renewable energy technologies are regarded as carbon and water saving solutions for the existing coal-dominated power generation system in Inner Mongolia. It shows that wind power and solar PV have considerable environmental advantages to coal power in terms of CO 2 emission and water consumption, and wind power has the lowest impact on water quality among all the energy production technologies. Results from our scenario analysis reveal that electricity outflows would contribute to a significant amount of CO 2 emissions and water demands in Inner Mongolia. Switching from coal to wind power not only significantly reduces CO 2 emissions but also relieves the pressure on local water resources and the ecosystem in Inner Mongolia.
This study also reveals that, other than carbon emissions, different power generation technologies have different impacts on water in terms of both quantity and quality.
Our result shows that solar PV has higher COD levels than wind power due to mining of metals. Presumably, the environmental repercussions of solar PV can be more considerable if emissions of other pollutants such as cadmium are taken into account.
There are many factors that need to be considered in optimizing We conclude this study by highlighting a future research direction. In this study, we assume that the selected power generation technologies are produced in Inner Mongolia, and ignore the environmental impacts of imports from and exports to other
regions. Establishing linkages between Inner Mongolia and other regions in China by
using multi-regional input-output analysis would be an important step forward to further understand the environmental impact of power generation technologies from a consumption perspective. In addition, as constrained by data availability, we have to use COD as our water quality impact indicator. Other pollutants such as heavy metal can also be used as indicators to demonstrate water quality, which can also be a future research direction when data is available. 
Appendix C:
We incorporate the general principle of mass balancing in Guan and Hubacek's model which is the quantity of COD in wastewater ( ) equals to the quantity of COD after dilution ( ) as depicted in Equation E1.
The quantity of COD in wastewater ( ) equals the total volume of wastewater (v 1 ) multiplied by the concentration of COD in the wastewater ( 1 ). Furthermore, the quantity of COD after dilution ( ) equals the total volume of water needed to dilute the COD content in wastewater (v 2 ) multiplied by the standard concentration of COD 8
( 2 ). Thus, Equations E2 and E3 are derived and they are depicted as follows.
The sectoral COD discharge data ( ) and wastewater discharge data ( ) for 37 industries are extracted from the Inner Mongolia Statistical Yearbook [52] . Then, we calculate the concentration of COD in the wastewater ( ), which can be found in Appendix C. COD discharge data is not given for agriculture in the Inner Mongolia Statistical Yearbook (2008); so, we adopt the COD discharge coefficients from Guan and Hubacek [57] .
The General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China [73] has promulgated industrial wastewater discharge standards (referred to as the standard thereafter), which classify the contents of COD into three grades (See Table S1 below). The concentration of COD in wastewater needs to achieve the concentration shown in Grade I industrial wastewater discharge standard (regarded as the standard concentration of COD, , in this study) in Appendix D.
As shown in Appendix D, the concentration of COD in wastewater for most industries is higher than the Grade I industrial wastewater discharge standard. Grade I industrial wastewater discharge standard is adopted due to the following reasons:
1) Industries that fulfil the requirements of Grade II are only allowed to discharge wastewater to Class IV or Class V water bodies. The water quality of Class IV and Class V is considered as a poor quality of water resource, which are only available for agricultural purposes. Thus, higher standard should be used.
2) The Inner Mongolia Statistical Yearbook [52] provides COD discharge data as COD removal and COD discharge. We assume that the COD discharge data are derived after the removal of COD content in secondary wastewater treatment plants.
Our assumption is based on two reasons: firstly, the COD removal figures are an order of magnitude higher than COD discharge figures; secondly, primary wastewater treatment plants use physical methods to remove tangible waste in the water body, which cannot remove COD content. Hence, Grade III in the wastewater standard is not considered in this study.
3) The standard is stipulated in 1996, which needs to be revised because of the improvement of wastewater treatment technology in the past decade.
Hence, in order to achieve the Grade I standard, additional water (estimated by ) is required to dilute the COD concentration. Source: Wastewater discharge data and COD discharge data are from [56] ; COD discharge standard are from [73].
